Temperature-sensitive actin mutant of Saccharomyces cerevisiae act1-1 was studied at a permissive temperature of 23°C by light, fluorescent and electron microscopy to elucidate the roles of actin cytoskeleton in the cycling eukaryotic cells. Mutant cells that grew slowly at the permissive temperature showed aberrations in the cytoskeleton and cell cycle. Mutant cells contained aberrant 'faint actin cables,' that failed in directing of mitochondria, vacuoles and secretory vesicles to the bud and the stray vesicles delivered their content to the mother wall instead of the bud. Bud growth was delayed. Spindle pole bodies and cytoplasmic microtubules did not direct to the bud, and nucleus failed to migrate to the bud. Repeated nuclear divisions produced multinucleated cells, indicating continued cycling of actin mutant cells that failed in the morphogenetic checkpoint, the spindle position checkpoint and cytokinesis. Thus, a single actin mutation appears to indicate uncoupling in space and time of the 'actin cytoskeleton-dependent cytoplasmic pathway of bud development and organelle positioning and inheritance' from the 'microtubule-dependent nuclear division pathway' in a budding yeast cell cycle.
Introduction
The yeast S. cerevisiae possesses ACT1, a single essential gene that encodes actin. A null mutation is lethal [1] . Latrunculin A that disrupts all actin structures [2] induces spherical cells incapable of reproducing [3, 4] . The roles of yeast actin have been suggested by studies on actin organization [5, 6] , while experimental analysis was initiated using the temperature-sensitive mutation in the actin gene. This actin mutation is suggested to cause 'faint actin cables' that are not visible; however, bright actin patches could be observed on the buds and mothers. In contrast to the wild-type mothers showing cables along the long axis of cells, the buds exhibit patches of actin. At the restrictive temperature, actin mutation act1-1 caused disruption of the actin asymmetric staining pattern, delocalized deposition of chitin at the cell surface, intracellular accumulation of secretory vesicles, partial inhibition of secretion of periplasmic protein invertase, osmotic sensitivity and cell death in the cell-cycle budded portion, implicating roles of actin in yeast cell surface organization and polarized growth [7] . Later studies have identified many other actin functions in endocytosis [8] , polarity [9] [10] [11] [12] , polarized transport of secretory vesicles, mRNA, mitochondria, vacuoles and peroxisomes [10, [13] [14] [15] [16] [17] [18] [19] and response to extracellular cues [20] . We (and others) studied actin in the formation of the wall [21] [22] [23] [24] [25] [26] [27] , septum and in cytokinesis [23, [28] [29] [30] , actin cables in correct spatial positioning and orientation of the secretory pathway to the bud and septum by electron microscopy [31] and spindle orientation by fluorescent microscopy [32] [33] [34] [35] [36] [37] [38] [39] .
Novick and Botstein [7] first identified permissive and restrictive phenotypes of the original actin mutants, act1-1 and act1-2, by fluorescence microscopy; however, they could only identify restrictive phenotypes by electron microscopy. They also noted that mutants exhibited some phenotypic abnormalities even at the permissive temperature, but were unable to demonstrate with electron microscopy. We identified ultrastructural disorder in act1-1 and act1-2 actin mutant cells at 23°C in 22 experiments by freeze-fracturing, freeze-substitution and transmission electron microscopy, which was not observed in the wild-type cells used as controls.
The aim of this study was to understand why the actin mutant cells have an ultrastructural disorder even at the permissive temperature. We found that actin mutation caused the defect in actin cables and delayed polarization of actin patches even at the permissive temperature, which resulted in the delay of actin cytoskeleton-dependent events in the cell cycle, whereas microtubule-dependent localized events continued aberrantly and uncoupled. This indicates that positioning and translocation in space and time and inheritance of nucleus and cell organelles and microtubule-dependent events depend on the threedimensional architecture of the actin cytoskeleton.
Materials and methods

Yeast strains and cell culture
The S. cerevisiae strains used were temperaturesensitive actin mutants, kindly provided by Prof (act1-1/act1-1) were used in observing actin, microtubules and nuclei by fluorescent microscopy, and in freeze-substitution, freeze-fracturing, transmission and scanning electron microscopy [7] . The diploid cells are larger and more useful for cytological study than the haploid cells. Haploid strains such as DBY 1691 (act1-1), DBY 1692 (act1-1), DBY 1694 (act1-2) and DBY 1695 (act1-2) were used only for freezefracture, because they could be frozen better. The construction of actin mutation has been reported in detail elsewhere [40] .
The cells were inoculated into YEPD medium or malt extract medium of pH 5.5 and cultivated in a water bath at 23°C overnight with shaking. After 20 h, the cells were used for fluorescent microscopy, freeze-fracturing or freeze-substitution. Cell proliferation was monitored by measuring the absorbance at 550 nm.
To observe the effect of latrunculin A on actin cytoskeleton, 10, 20, 50, 100 and 200 μM of latrunculin A were tested. Samples with and without dimethyl sulfoxide were used for control experiments. After application of the drug, the cultivation was continued in the dark.
Fluorescence microscopy for observation of actin, microtubules and nucleus
After 20-h cultivation at 23°C, actin was labeled with rhodamine-phalloidin R-415 (Molecular Probes Eugene, Oregon, USA), following fixation with 5% paraformaldehyde and permeabilization with 1% (v/ v) Triton X-100 in phosphate buffered saline (PBS) [41] . Microtubules were visualized with anti-α-tubulin monoclonal antibody TAT1 [34] , which was kindly provided by Prof. K. Gull (Manchester University, UK) and with monoclonal anti-tubulin antibody TU 01 [21]. Nuclear staining was performed by adding 1 mg of 4,6-diamidino-2-phenyl-indol dihydrochloride (DAPI) per milliliter (Serva Feinbiochemica) into the mounting medium, or mounting medium containing DAPI was used.
Electron microscopy
For freeze-fracturing, the cells were collected by centrifugation after cultivation for 20 h, placed on copper grids, frozen in Freon 22 and stored in liquid nitrogen until use. Replicas were prepared in a Blazers apparatus (BA 360) [42] and photographed in a Tesla BS 500 electron microscope (Brno, Czech Republic).
For ultrathin sectioning, the cells were collected by centrifugation and sandwiched between two copper discs. They were cryofixed by plunging into melting propane kept in liquid nitrogen. The specimens were freeze-substituted in acetone containing 2% osmium tetroxide at −80°C for 2 days and embedded in epoxy resin [43] . Ultrathin sections were stained with uranyl acetate and lead citrate [44] , covered by Super support film (Nisshin EM Co., Ltd, Tokyo) and observed with a JEM-1200EX electron microscope (JEOL, Tokyo, Japan) [45] .
For scanning electron microscopy, the cells were fixed with 5% paraformaldehyde [4, 41] , dehydrated with a graded alcohol series, dried using CPD 030 Critical Point Dryer (BAL-TEC) and coated with gold in metal shadowing apparatus BALZERS SCD040 (5 min; 30 mA). The specimens were observed in Vega TS5136 XM (TESCAN) using digital microscopy imaging scanning equipment (Brno, Czech Republic).
Results
Slow growth and bud development and cytoplasmic organelles in actin mutant act1-1 at 23°C
When compared with the wild-type cells, ACT1, actin mutant act1-1 cells grew slowly at 23°C (data not shown), as first shown by Novick and Botstein [7] . To find out the cause of slow growth of mutant cells at 23°C, we examined the morphology of actin mutant and wild-type cells, the F-actin cytoskeleton differences and the ultrastructural differences by fluorescent and electron microscopy.
Scanning electron microscopy
While the wild-type cells had ovoid mother cells and buds (Fig. 1a) , majority of act1-1 actin mutant cells had spherical mother cells and buds (Fig. 1b) . We were interested to know whether disruption of actin cytoskeleton results in the formation of spherical cells.
Effect of latrunculin A on wild-type cells. At a concentration of 100 μM, latrunculin A suppressed growth of wild-type cells, inhibited reproduction by budding, and made wild-type cells spherical at 22 h (Fig. 1c) due to complete disruption of the actin cytoskeleton ( Fig. 1d) , in contrast to the control (Fig. 1e) . We therefore investigated how actin cytoskeleton is structurally affected in actin mutants that have spherical shapes at the permissive temperature, but still reproduce by budding.
Fluorescence microscopy of actin cytoskeleton in actin mutants
We repeated the investigation of actin cytoskeleton by rhodamine-phalloidin staining. The wild-type mother cells had thick actin cables directing to the bud (Figs. 1e and 2b, g and l) and to septum during cytokinesis, and actin patches accumulated in the buds (Figs. 1e and 2g and l) and septum regions [5] [6] [7] .
Actin mutant cells had actin patches not only in the buds, but also in the mother cells (Figs. 1f and 3f , j, l, q and u), as shown first by Novick and Botstein [7] . Although actin cables were hardly visible, even at 23°C
, we identified faint actin cables in the mutant cells by fluorescent microscopy for the first time. They were seen only in the mother cells (Figs. 1f and 3j and q) that had less actin patches than the other cells (Fig. 3f, l and u) . Actin cables in the mutant cells were faint and formed fine irregular cytoplasmic network proceeding in all directions (Fig. 1f ), in contrast to wild-type cables directed to buds (Fig. 1e) . Actin patches accumulating in the buds confirmed the establishment of cell polarity in these cells (Figs. 1f and 3f , j, l and q). An actin cytokinetic ring was detected in actin mutant at the cytokinesis stage ( Figs. 1f and 3u) , similar to the wild-type cells (Fig. 2p) , and at this stage, the actin patches were evenly distributed in the buds and mothers of wildtype ( Fig. 2p ) and mutant cells (Fig. 3u) .
Further difference concerning actin patches in actin mutant cells was delayed cell polarization, as evidenced by the high proportion of randomly distributed actin patches in G1 cells without buds, in contrast to the wild-type cells having high proportion of polarized actin patch distribution (Table 1) .
Looking for actin cables by transmission electron microscopy
In the cytoplasm of wild-type cells (Fig. 2) , the wide straight actin cables consisted of characteristic actin filaments, regularly arranged in a parallel way (Fig. 2e) pointing to the future bud ( Fig. 2b) and to the growing bud ( Fig. 2g and l) , where actin patches had accumulated. In more than 30 000 wild-type cells, we observed 12 actin cables by transmission electron microscopy.
When more than 30 000 actin mutant cells were examined at 10 000-40 000 magnification, only one thinner, ragged spindle-shaped filamentous bundle of irregular width (10-100 nm; Fig. 3i ) was observed that strikingly differed from the straight thick actin cables of the wild-type (200 nm wide; Fig. 2e ). Colocalization with a large amount of secretory vesicles could testify to a 'faint cable' of mutated actin protein Act-1p (Fig. 3i) .
Freeze-fracture and freeze-substitution electron microscopy of bud development and cytoplasmic organelles in actin mutant All the wild-type cells had a normal ultrastructure ( Figs. 1 and 2) . Cells had few endoplasmic reticulums and secretory vesicles near the area of bud formation ( Fig. 2a) and had vacuoles and mitochondria inside the bud (Fig. 2f) .
In contrast, actin mutant cells revealed a striking ultrastructural disorder, with many membrane organelles either randomly dispersed or aggregated in groups (Fig. 3) . The cells had many small vesicles (100 nm in diameter) randomly scattered in the cytoplasm (Fig. 3a , e, k and o), resembling the sec1 mutant phenotype blocked at the last stage of the secretory pathway at a restrictive temperature [46] . However, the actin mutant had random distribution of single vesicles (Fig. 3a) or their larger aggregates ( Fig. 3o) even at a permissive temperature.
One striking difference observed was in the thickness of the wall of the actin mutant mothers and buds at 23°C (Fig. 3) . While the wild-type cells had the same wall width of the mother and of the bud ( Fig. 2 ) ( 140 nm, n = 30) as that of actin mutant buds (width of 140 nm, n = 30) (Fig. 3e, k and o) , actin mutant mothers had thicker cell walls (Fig. 3e, k and o) reaching up to 280 nm (n = 20).
Mitochondria and vacuoles (Fig. 3a , e, k and o) were randomly distributed or aggregated in groups distant from the developing bud, in contrast to the wild-type cells ( Fig. 2 ) that had mitochondria near the bud formation and near the developing septum (not shown), as well as mitochondria and vacuoles in the developing bud ( Fig. 2f) . , nuclei after mitosis (q), spindle (r). Scale bar, 500 nm (a, e, f, j, k, o, s); Scale bar, 5 µm (b, c, d, g, h, i, l, m, n, p, q, r). n, nucleus; mi, mitochondria; va, vacuoles; v, vesicles; er, endoplasmic reticulum; w, wall; mt, microtubules; ac, actin cables; ap, actin patches; ar, actin cytokinetic ring; s, spindle; bw, bud wall; mw, mother wall; g, Golgi apparatus; cmt, cytoplasmic microtubules; nmt, nuclear microtubules; SPB, spindle pole body (also for Fig. 3 ).
These ultrastructures indicate that positioning of secretory vesicles, mitochondria and vacuoles, and their transport to the bud are observed to depend on actin cables.
Nuclear positioning in actin mutant cells, nuclear migration to the bud neck, and nuclear division and cytokinesis
The wild-type cells ( Fig. 2) had nucleus in the cell center. Cytoplasmic microtubules radiating from the spindle pole body (SPB) at the nuclear membrane were directed to the future bud and the bud discussed in this study (Fig. 2d , i and j) [47, 48] . In contrast, nuclei in mutant cells along with SPBs were not in the cell center, but eccentrically positioned or had more than one nucleus (Fig. 3) . Cytoplasmic microtubules radiating from the SPBs had random position and orientation ( Fig. 3d , g, n, r, t and x).
Before mitosis, the wild-type nucleus migrated to the bud neck, where mitosis had started (Fig. 2) . The nucleus elongated along a longitudinal cell axis ( Fig. 2k and n) by the mitotic spindle (Fig. 2k , m and r) and mitosis was followed by cytokinesis. The cytokinetic ring at the bud neck ( Fig. 2p) consisted of a narrow bundle of parallel filaments ( Fig. 2o and s) that differed from a wide, highly ordered ring of membrane-associated filaments [49] . The actin cytokinetic ring [23, [28] [29] [30] constricted the cytoplasm between the mother and the bud, followed by formation of septum. The formation of the bud always preceded nuclear migration to the bud neck, where mitosis proceeded along a longitudinal cell axis ( Fig. 2k and n) resulting in the inheritance of one nucleus by each cell ( Fig. 2o and q) .
In contrast, in mutant cells, the nuclei that had an eccentric position in the cytoplasm of the mother' (Fig. 3a, c, e and t) failed to migrate to the bud neck ( Fig. 3k ) and failed to direct to bud nuclear divisions that started in these abnormal positions, and also had a transversal alignment ( Fig. 3k and  m) . Mitotic spindles elongated randomly and were also transversally oriented (Fig. 3n) . Nucleus in some cells could reach to the bud, while in other cells, both the nuclei remained in the cytoplasm of the mother' with anucleated buds (Fig. 3o , p and r) and cytokinesis did not occur in these cells.
Random positioning of the nucleus, SPB and cytoplasmic microtubules in the mutant cells that did not direct to the bud neck and to the bud tip indicates that the positioning of nuclei, SPB and cytoplasmic microtubules require actin cables. In addition, nuclear migration to the bud neck and nuclear division along the longitudinal cell axis also require normal actin cables.
Uncoupling of the nuclear division from bud development and nuclear migration in actin mutants
It is known that passing Start in S. cerevisiae triggers multiple cell-cycle events, including: (i) initiation of DNA replication, (ii) bud emergence and (iii) duplication of SPB by Cln/Cdc28. Normally, bipolar spindle formed in wild-type cells, when the bud diameter reached about one-fourth of the mother-cell diameter [48, 50] . In contrast, in some actin mutant cells, the nuclear microtubules ( Fig. 3s and t) separated after SPB duplication, and formation of short bipolar spindles (Fig. 3d ) occurred before the emergence of bud. This indicates delay of bud emergence in some actin mutant cells in relation to SPB duplication, separation, spindle formation and anaphase elongation, sometimes in an eccentric position (Fig. 3a, c and d) . One cause for this delay of bud emergence can be delayed polarization in the actin mutant cells, as evidenced by the high proportion of randomly distributed actin patches in G1 actin mutant cells, in contrast to the wild-type cells having the high proportion of polarized actin patch distribution (Table 1) . Delayed cell polarization can cause delayed bud initiation, and faint actin cables can delay bud growth. Mutant cells with a small bud *t = 9.558, P < 0.01. can contain already elongating mitotic nucleus, which can have an oblique or transversal alignment ( Fig. 3m and k) , instead of that along a polarity axis, similar to the wild-type. This can explain our electron microscopic photographs of two-nucleated mutant mother cells (Fig. 3o) .
Other cells also exhibited delay of bud emergence in relation to the nuclear cycle in the mutant population: (i) two-nucleated mother cells with one small bud (Fig. 3p, o and r) ; (ii) three-nucleated mother cells and one-nucleated buds (Fig. 3v) ; or (iii) further uncoupling of nuclear cycles from bud formation, leading to 6-10 visible nuclei in cells having one bud only (Fig. 3w) . Fluorescence microscopy thus showed 2-10 nuclei in the mother cell with one bud (Fig. 3p and w) . To determine the frequency of multinucleated actin mutant cells at 23°C, we counted the nuclei after DAPI staining by fluorescent microscopy in act1-1 population. We found about 25% of multinucleated cells in actin mutant after 20 h of cultivation (n = 300), while wild-type had <1% of multinucleated cells (n = 300). This indicates delay in budding with respect to nuclear division in about one-fourth of the mutant cells that become multinucleated.
Discussion
Actin mutant cells have aberrant faint actin cables at a permissive temperature that affect actin-cable functions in budding yeast Our electron microscopy of the wild-type cells showed actin cables with a width of 200 nm, which were also clearly visible under a fluorescent microscope. In contrast, the actin mutant cells contained faint actin cables hardly visible via fluorescent microscopy ( Figs. 1f and 3j and q) . Under electron microscopy, 10-100-nm wide bundles could be found in actin mutant act1-1 (Fig. 3i) , which might be the 'faint actin cable': its thinner width can explain the difficulty in observing faint actin cables by fluorescence microscopy. However, how to explain the differences in thickness and appearance? After F-actin production by formins Bni1p and Bnr1p at the bud and neck [51] , it was observed that mutated Act1-1p cannot interact with the bundling protein fimbrin [52, 53] that normally stabilizes actin filaments into regular, tightly packed bundles that protect F-actin filaments from depolymerization [54] . Such cables should be present in the wild-type, whereas mutated Act1-1p filaments, probably only randomly associated with the aberrant loose filamentous bundles, can be unstable and depolymerized. This is also in accordance with the biochemical study of fimbrin mutants that had unstable actin filaments in the absence of fimbrin [55] . Using electron microscopy, we found only one 'faint bundle' in about 30 000 actin mutant cells, whereas 12 normal actin cables were in the same number of wild-type cells. This indicates that mutant cells may have 10 times less number of 'actin filament bundles'.
Many researchers (e.g. [56, 57] ) have studied actin cables. In this study, we have shown that 'faint actin bundles' in actin mutant act1-1 cause randomly located nuclei, SPB, microtubules, spindles, delayed bud growth, lack of nuclear migration to the bud neck and cytoplasmic chaos in cell organelles at a permissive temperature (Table 2) .
Previously, we proved that the vesicle vectorial movement from the mother to the bud requires actin cables, and the correct spatial positioning and orientation of the complete secretory pathway to the bud proceeds along the actin cables [31] . In contrast, 'faint mutant actin bundles' failed in directing the vesicles to the emerging bud and the stray vesicles delivered their content to the mother wall, which became thicker, instead to the bud. This delayed bud initiation and bud growth in relation to nuclear division initiation (see later).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Table 2 . A variety of defects in ts actin mutant cells act1-1 identified by light, fluorescent, transmission and scanning electron microscopy after 20 h cultivation at 23°C 1 Aberrant 'faint actin bundles' 2 Delay of polarization of actin patches (see Table 1 It is known that ellipsoidal shape of S. cerevisiae cells is the result of combined polarized apical growth and non-polarized isotropic growth. Owing to 'faint mutant actin cables', polarized apical growth in the mutant is deficient, whereas isotropic growth predominates and makes actin mutant cells spherical.
Fluorescent microscopy of other actin mutants proved actin cables are necessary for the movement of mitochondria and vacuoles [14, 16, 17] . Mitochondria -the main producers of adenosine tri-phosphate -are apparently required for the formation of bud and for the development of septum; their absence here can delay bud emergence, bud growth and septation. This can also contribute to delayed bud formation and growth in act1-1 cells.
Our ultrastructural data confirm that the correct spatial positioning and movement of membrane organelles from the mother to the bud require actin cables. In actin mutants having 'faint actin bundles', these events are chaotic, delayed and mislocalized, similar to the situation when a highway is blocked and only collateral transport along narrow ways can proceed slowly.
Actin-dependent nuclear positioning in budding yeast
Nuclear positioning mechanism based on actin filaments was recently suggested in plant and animal cells [58] . We presume that such mechanism should also function in budding yeast, because actin mutants with faint actin bundles have seriously affected nuclear positioning -random and eccentric interphase nuclear position, as well as random position and orientation of mitotic nucleus leading to multinucleated cell (Fig. 3) . We suggest that nuclear positioning in budding yeast is based on actin cables that are required for the correct central positioning of nucleus before mitosis, during mitosis and after mitosis for nuclear genome inheritance by the dividing cells.
Actin cables and spindle positioning and movement to the bud neck in budding yeast
Fluorescent microscopy showed the principal role of astral microtubules in yeast mitosis: they are required to establish the position of spindles and orientate the spindles to the bud neck before anaphase for subsequent separation of chromosomes [59] [60] [61] . The lack of astral microtubules caused by β-tubulin mutation led to block of spindle movement to the bud neck [59] [60] [61] . However, other fluorescence microscopic studies [32] [33] [34] observed incorrectly positioned spindles at improper actin function, followed by many others reporting, using fluorescence microscopy that pre-anaphase spindle position and orientation requires microtubule translocation along actin cables by Myo2, in addition to cortically located dynein-dependent sliding that directs microtubule ends to the bud. Bud-tip attachment of the microtubules radiated from old SPB at G1 ensures later proper spindle positioning that is necessary for equal segregation of the genome to mother and daughter cells. Dynein at the bud cortex provides vector for spindle orientation via cortical anchors to generate pulling forces for spindle movement in nuclear division [18, 37, 38, 62] . Spindle movement to the bud neck is known to use two pathways: (i) microtubules-Bim1-Kar9-Myo2 pre-anaphase movement along the actin cables to the bud neck, and (ii) microtubule-dynein-dynactin movement in anaphase and after it (see [35, 37, 38, [62] [63] [64] and many others). These two pathways normally cooperate in nuclear migration; however, in actin mutants, the microtubule -'faint actin cable' -cooperation in nuclear migration to the bud neck could be affected, as actin pathway is deficient.
Our ultrastructural study confirms that spindle movement to the bud neck requires actin cables. What can be the primary defect in actin mutant cells at the permissive temperature? The primary defect can be delayed mutant cell polarization attributable to random distribution and poor organization of actin. Insufficient polarization might then corrupt bud-site selection, preventing or delaying bud initiation in relation to mitosis initiation. If the budding site is not defined in time, then it cannot orient spindles in time. In such an 'apolar' cell, the spindle can elongate in any possible direction. The evidence for delayed mutant cell polarization is the high proportion of randomly distributed actin patches in G1 cells, in contrast to the wild-type having high proportion of asymmetric actin patch distribution (Table I) .
Can cell-cycle checkpoints function normally in actin mutant cells?
The 'morphogenetic checkpoint'. Actin mutant bud emergence delayed in relation to mitosis suggests that the actin mutant cannot have normally functioning 'morphogenetic checkpoint' that should maintain coordination between the bud formation and nuclear event [65, 66] , because the actin mutant cells have two-nucleated mothers and anucleated buds.
The 'mitotic actin checkpoint'. This blocks mitosis when an incorrectly oriented spindle occurs in the fission yeast [67] [68] [69] and cannot function in the actin mutants of budding yeast cells, in which incorrectly oriented mitoses continue in cycling cells (Fig. 3k, m and n) that become multinucleated (Fig. 3p, o, v and w) .
The 'spindle position/orientation checkpoint' is normally linked to the 'spindle assembly checkpoint' [67] [68] [69] [70] and must be disrupted in the actin mutants, because mitosis proceeds, but with incorrectly oriented nuclei and spindles (Fig. 3k, m and n) .
Mitotic exit network. In the wild-type cells, the nucleus migrates before mitosis to the bud neck, and SPB containing Tem1p-GDP enters the bud body, where the protein Lte1p activates Tem1p-GDP to Tem1p-GTP and triggers the pathway of mitotic exit and release of Cdc14 phosphatase from the nucleolus after mitosis, which enables the inactivation of mitotic kinase and the start of cytokinesis [36] . When the mitotic spindle in actin mutant is not positioned at the bud neck and mitosis proceeds in the mother's cytoplasm (Fig. 3k, m and n) , SPB cannot enter the bud, the mitotic exit network is kept inactive, the mitotic kinase cannot be inactivated, the actin ring cannot be formed and cytokinesis cannot proceed.
If all of these checkpoints actually exist in the budding yeast cell division cycle, but do not function in the actin mutants, they need actin cables for their normal function.
Actin-dependent pathway and microtubuledependent pathway that uncouple in actin mutant act1-1 could correspond to two dependent pathways in the cell division cycle of budding yeast observed in studies of cdc mutants by Hartwell et al. [71] (Fig. 4) . Aberrant 'faint actin cables' in actin mutant act1-1 enabled us to identify 'actin-dependent cytoplasmic pathway of bud development and organelle positioning and inheritance' and 'microtubuledependent pathway' of nuclear genome and SPB segregation and inheritance. We hypothesize that our 'actin-dependent pathway of bud development and organelle positioning and inheritance' correspond to the external dependent pathway in the cell division cycle of budding yeast (Fig. 4) , which includes bud emergence (BE) and nuclear migration (NM), and converging at cytokinesis (CK) with inner dependent pathway that includes initiation of DNA synthesis (iDS), DNA synthesis (DS), nuclear division at the middle stage (mND) and at the late stage (lND) [71] , i.e. our microtubule-dependent nuclear division pathway of genome and SPB segregation and inheritance or at least its nuclear division part. Nuclear migration to the bud neck depends on combined cooperation of 'actin pathway' and 'microtubule pathway'; however, these pathways uncouple in 25% of mutant cells that become multinucleated. In summary, cell division pathway of budding yeast includes actin-dependent pathway proceeding from the mother to the bud, which is necessary for: (i) cell polarity establishment; (ii) bud development; (iii) central positioning of nucleus and cytoplasmic microtubules radiating from SPB to join future bud Fig. 4 . Diagram of two Hartwell's pathways in the cell division cycle of budding yeast [71] , and our two cytoskeleton pathways functioning in the cell cycle and dissociated in actin mutant, as discussed in the text. The 'actin-dependent pathway' and 'microtubule-based pathway' demonstrated here should correspond to two dependent pathways in the cell division cycle of budding yeast discovered by Hartwell et al. [71] . The first pathway (outer circle) that includes bud emergence (BE) and nuclear migration (NM) correspond to our 'actin-dependent pathway', whereas the second Hartwell pathway including DNA replication (iDS, DS) and nuclear division (mND, lND) (inner circle) corresponds to our 'microtubule-dependent nuclear pathway'. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
site; (iv) correct positioning and movement of membrane organelles (secretory vesicles, mitochondria and vacuoles) to the bud site assembly and to emerging bud for inheritance of corresponding part of cytoplasm and cell organelles; (v) nuclear migration to the bud neck (in cooperation with microtubules), correct SPB and cytoplasmic and spindle microtubule position, alignment, orientation and nuclear division along longitudinal cell axis and distribution of one nucleus and SPB to each cell; (vi) functioning of cell-cycle checkpoints; (vii) cytokinesis and septum formation; and (viii) coordination and integration of cell-cycle events in time and space to ensure cell integrity.
Concluding remarks
Our ultrastructural study identified 'actin-dependent pathway of bud development and organelle positioning and inheritance', and 'microtubuledependent nuclear division pathway of nuclear genome and SPB segregation and inheritance'. Actin and microtubule pathways cooperate during nuclear migration to the bud neck, but this cooperation is disrupted in space and time in about one-fourth of 'seriously ill' mutant cells that become multinucleated even at 23°C -apparently −23°C is not fully 'permissive' for these cells. These two cytoskeleton-dependent pathways can correspond to two dependent pathways in the cell division cycle of budding yeast, which were observed 37 years before in studies of cdc mutants [70] .
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